The volumetric, acoustic and viscometric methods are used for investigating the interactions of L-aspartic acid (Asp) in aqueous solution of 1,2-propanediol (PD) over a temperature of (298.15, 303.15 and 308.15) K at atmospheric pressure. Using the experimental results, the apparent molar volume, V φ , limiting apparent molar volume, V 0 φ , the slope, S v , and partial molar volume of transfer, V 0 φ,tr, have been calculated from density data. The apparent molar isentropic compressibility, K φ , s , limiting apparent molar isentropic compressibility, K 0 φ,s , its slope, S k , and partial molar compressibility of transfer, K 0 φ,s, tr , have been calculated from speed of sound data. These values are also used for calculating the number of water molecules hydrated, n H , to the Asp. The viscosity data has also been used to determine relative viscosity η r , viscosity B-coefficients, temperature derivative of B-coefficients, dB/dT and viscosity B-coefficients of transfer, B tr . The calculated parameters have been discussed in terms of various solute-solute and solute-solvent interactions prevailing in these solutions. Further, a detailed insight into the physicochemical interactions between Asp and aqueous PD, e.g., ion-hydrophilic and hydrophilic-hydrophilic interactions along with the structure-making tendency have been retrieved through the perusal of these calculated parameters.
Introduction
The physicochemical and thermodynamic properties of amino acids are of utmost interest, as these biomolecules are the building blocks of all living organisms which provide valuable information leading to a better understanding of proteins. Since proteins are large complex molecules, their direct study of interactions become difficult. Therefore, the feasible approach is to investigate interactions of the model compounds of proteins, e.g., amino acids, in aqueous and mixed-aqueous solutions. [1] [2] [3] [4] [5] [6] The choice of water for preparing mixed solvent stems from its important and unique role in determining the structure and stability of protein. Its presence also gives rise to hydrophobic forces, which are of prime importance in stabilizing native globular structure of protein. 7, 8 Binary solvents, representing a concentrated mixture of a co-solvent and water as the principal solvent, are of special interest from both the biological and the physico-chemical view points. [9] [10] [11] The added co-solvent may exert a stabilizing or destabilizing influence or neutral effect 12 on the native conformation of a protein.
It is known that polyhydric alcohols increase the thermal stability of proteins or reduce the extent of their denaturation by other substances. 13, 14 The alkane diols have wide range of applications in pharmacology and cosmetic industry, however, they are not components of living organisms, but they act as a vehicle for pharmaceuticals or cosmetics when introduced into living organisms. 15 Thus, the properties of amino acids in aqueouspolyols solutions are essential in understanding the chemistry of biological systems. [16] [17] [18] The literature survey reveals physical and thermodynamic studies on Asp (abbreviated as Asp) and inor-Rani et al. : Interactions of L-Aspartic Acid with Aqueous Solution ... ganic salts as a function of temperature 19, 20 but no report seems to be available on thermodynamic studies of Asp and organic solvents. However, the effect of dielectric constant on protonation equilibria of Asp in one of the alkane diol-water mixtures has been reported recently by Rani et al. 21 . In order to gather information about thermodynamic and transport properties of Asp in aqueous and aqueous-1, 2-propanediol (the latter being abbreviated as PD) solvent, we are using volumetric, compressibility and viscosity approaches at different temperatures.
Experimental
Asp and PD with mass fraction purity >99% obtained from Sigma Aldrich were used as such without further purification. Freshly prepared triply distilled with specific conductance less than 1 × 10 -6 S cm -1 was used for the preparation of solutions in which 0.5M hydrochloric acid was added to increase the solubility. 21 The aqueous solution of PD was used as solvent to prepare solutions of Asp of different molal concentrations. All the solutions were prepared with care and stored in special airtight bottles to avoid the exposure of solutions to air and evaporation. The solutions were prepared by weighing on an electronic single pan five digit Mettler Balance (Model AE-240) with an accuracy of ±0.01mg. The densities of the solutions were automatically measured, using an Anton Paar DMA 5000M densimeter. A density check or an air/water adjustment was performed at 20 °C with triply distilled, degassed water, and with dry air at atmospheric pressure. As the density is extremely sensitive to temperature, it was controlled to ±1 × 10 -3 K by built-in Peltier device. The sensitivity of the instrument corresponds to a precision in density measurements of 1 × 10 -3 kg m -3 . The uncertainty of the density estimates was found to be within ±5 × 10 -2 kg m -3 . The speeds of sound in the solutions were measured using a single-crystal variable-path multi-frequency ultrasonic interferometer (M-82, Mittal Enterprises) having stainless steel sample cell (with digital micrometer) operating at fixed frequency of 4 MHz. The uncertainty in speeds of sound measurements was found to be within ±0.5 m s -1 . The temperature of the sample solutions was maintained to an accuracy of ±0.01 K in an electronically controlled thermostatic water bath (Model: TIC-4000N, Thermotech, India). The viscosities of the solutions were measured by using Ubbelohde viscometer. The viscometer containing the test liquid was allowed to stand for about 30 minutes in a thermostatic water bath so that the thermal fluctuations in viscometer were minimized. The time of flow was recorded with a digital stopwatch with an accuracy of ±0.01 s. The accuracy of viscosity measurements was found to be ±1 × 10 -6 Pa s.
Results and Discussion

1. Apparent Molar Volume
The experimental values of densities of Asp in aqueous and 5%, 10%, 15% and 20% aqueous solutions of PD, measured at 298.15, 303.15 and 308.15 K, were used to calculate apparent molar volume (V φ ) of the solutions using Eq. (1).
where m is the molality (mol kg -1 ) of the solution, M is the molar mass of the solute (kg mol -1 ), and ρ o and ρ are the densities (kg m -3 ) of the solvent and solution, respectively.
The values of densities and apparent molar volume at various temperatures are reported in Table 1 , while the curve for latter is presented in Figure 1 . The results reveal that the apparent molar volume increases with increase in PD concentration as well as temperature. This may be attributed to the increase in solvation (release of some solvent molecules from loose solvation layers of the solute in solution) of Asp at higher temperature as well as at higher concentration of PD due to strong attractive interactions. 22 The high value of apparent molar volume for Asp in different concentrations of solvent (5% PD to 20% PD) as compared to their values in aqueous solution suggests that ionhydrophilic and hydrophilic-hydrophilic interactions dominate the ion-hydrophobic and hydrophobic-hydrophobic interactions.
1. 1. Limiting Apparent Molar Volume
The limiting apparent molar volume (V 19 which is shown in parenthesis in Table 2 , whereas the data at 303.15 K could not be found in the literature. The value at 298.15 K is also in close agreement with the values obtained from the work of Millero et al. 23 and Mishra and Ahluwalia. (4) where V shrinkage is shrinkage in volume due to solvent-sol- terms of a decrease in the volume of shrinkage. This means few water molecules in the vicinity of the Asp may be released to the bulk water in presence of PD. In general, the types of interactions occurring between Asp and PD may be classified as follows: The positive values of partial molar volume of transfer indicate that interactions of types (a) and (b), mentioned above, predominates due to reduction in electrostriction effect and enhancement of overall structure of water. Furthermore, the values of partial molar volume of transfer increase with increase in concentration of PD in the solution as shown in Table 3 . This may be due to greater ionic-hydrophilic and hydrophilic-hydrophilic group interactions with increased concentration of PD. The explanation lies in the fact that the -OH group of PD is highly polar; it has a strong electron-pair donating ability which is capable of forming HO···HOOC hydrogen bond with the side group of Asp. With the increasing concentration of PD, the probability of forming hydrogen bond increases and, hence, favoring the ionic-hydrophilic 
2. Apparent Molar Isentropic Compressibility
The experimental values of speed of sound of solution of Asp in aqueous and 5%, 10%, 15% and 20% aqueous solutions of PD have also measured at aforementioned temperatures in order to evaluate apparent molar isentropic compressibilities, K φ,s , using Eq. (5).
where k s and k 0 s are isentropic compressibilities of solution and solvent, respectively, calculated using speed of sound (u) relation:
The plot between K φ,s and molality (Fig. 2) 
2. 1. Limiting Apparent Molar Isentropic Compressibility
The variation of apparent molar isentropic compressibility with the molality can be adequately represented by Eq. (7).
where K 0 φ,s is limiting apparent molar isentropic compressibility, which is also referred to as partial molar isentropic compressibility, and is a measure of solute-solvent interaction. S k is the experimental slope; an indicative of solute-solute interactions. The values of K 0 φ,s , S k together with their standard errors are shown in Table 5 .
The computed values of K 0 φ,s which come out to be negative, become less negative with increase in concentration as well as temperature. The negative values of K 0 φ , s (loss of compressibility of medium) indicate that the water molecules surrounding the amino acids would present greater resistance to compression than bulk. With increase in temperature, the values become less negative which means that electrostriction interaction between amino acids and water molecules are suppressed due to formation of ion pairs between ions of PD and Asp, and some water molecules are released to bulk. In other words, the more negative values of K 0 φ,s reflect strong solute-solvent interactions attributed to electrostatic interactions between Asp and solvent which makes the solution rather incompressible. An irregular trend of S k is governed by number of effects which also suggest the presence of solute-solute interactions in the system.
2. 2. Partial Molar Compressibility of Transfer
The partial molar compressibility of transfer (K 0 φ,s,tr ) of Asp from aqueous to aqueous PD solutions has been calculated using the following relation.
where K 0 φ,s (aq) is the limiting apparent molar isentropic compressibility of Asp in aqueous medium ( Table 5) .
The values of partial molar compressibility of transfer K 0 φ,s,tr , as reported in Table 6 , are positive which increase with increase in concentration of PD. The positive values indicate the dominance of the charged end groups NH 3 + and COO -. The interactions between PD and the zwitterionic center of Asp increase with increasing PD concentration due to structure-making tendency of the ions and decrease in electrostriction. As a result, the electrostricted water is much less compressible than bulk water giving rise to a large decrease in the compressibility with increase in the PD concentration. Thus the K φ,s values are negative and K 0 φ,s,tr values are positive for Asp. It is important to mention here that on addition of Asp to the co-solute there is decrease in the pH of solution, and the side chains of the acidic amino acids remain fully deprotonated. 19 Thus, the amino acid studied mainly exists in zwitterionic form in co-solute solutions and their side chains remain fully deprotonated due to hydrolysis. Thus, deprotonated amino acid interacts strongly with aqueous solvent resulting in increase in apparent molar volume,V φ which in turn leads to increase in limiting apparent molar volume,V 0 φ . A similar increasing trend is shown by all other investigated thermodynamic properties.
It is well known that the acid group on the side chain of Asp undergoes ionization in water to small extent, i.e., 5 to 8%, to give a small fraction of L-aspartate ions along with their unionized form. The values reported in litera- 19 It is also noted that the value for this system at 298.15 K reported by Jolicoeur et.al. 31 (V 0 φ = 71.79) is also in excellent agreement with our value. The contributions due to ionization or protonation of side chain groups were considered negligible in the concentration ranges investigated. The zwitterionic structure (terminal-NH 2 , COOH groups) is assumed predominant in this amino acid.
Viscosity
The viscosities of Asp in aqueous and 5%, 10%, 15% and 20% aqueous solutions of PD were also measured at T = 298.15, 303.15 and 308.15 K ( Table 7 ). The variation of relative viscosity which is calculated as the ratio of viscosity of solution, η, and corresponding solvent, η o , i.e., η r = η/η o , (Table 7) can be represented by 32 Jones-Dole equation: Table 7 . Viscosities, η, and relative viscosities, 
where A and B are the Falkenhagen and viscosity B-coeffients, respectively. The former specifies interactions between solute-solute 33, 34 while the later is a measure of structural modification induced by solute-solvent interaction. 35, 36 For non-electrolytes, A is negligible 35 and Jones-Dole equation reduces to:
where C is the molarity obtained from molality by using our density values. The values of B-coefficients, obtained using a plot between η r and concentration (Table 8) by least squares analysis, are found to be linear at all concentrations and temperatures. The positive B-coefficients values, which increase with increasing concentration of PD, also indicate a structure to allow the co-solute (PD) to act on solvent. 4 The values of B-coefficients increase (i) when the water is replaced by PD, i.e., PD act as water structuremaker by H-bonding, and (ii) with increasing concentration of PD. The strong interaction immobilizes the solvent molecules, present obstruction to viscous flow of solution, thus, increasing the viscosity. 37 The temperature derivative of B-coefficients (dB/dT) and its sign is useful in establishing structuremaking or structure-breaking ability of the solute in solvent. In general, the dB/dT is negative for structure-maker and positive for structure-breaker solutes in solution. 34, 38 The dB/dT values reported in Table 8 are negative which indicate that this amino acid, i.e., Asp act as structuremaker in aqueous-PD solvent.
1. Viscosity B-coefficients of Transfer
The viscosity B-coefficients of transfer, B tr , of Asp from aqueous to aqueous PD solutions was calculated using the following relation:
where B (aq) is the viscosity B-coefficents of Asp in water ( Table 8) . The values of B tr are reported in Table 9 which shows that viscosity B-coefficients of transfer increase with increase in concentration of PD. Hence, the aforementioned transport parameters show similar trends based on the impact of hydrolysis reaction and dissociation constant of Asp as observed in the thermodynamic properties.
4. Hydration Number
The hydration number, n H , [39] [40] [41] can be calculated from methods based on volume, compressibility and second temperature derivative of the partial molar volume or partial molar compressibility data. From volumetric properties (Table 10) (14) The intrinsic volume can be calculated from several methods. One such approach is to estimate the intrinsic volume from crystal molar volume: 
The values of V 0 φ (crystal) is determined from the work of Berlin and Pallansh 43 and thus the value of V 0 φ (elect) can be calculated.
The n H values (volumetric method) for Asp in aqueous-PD solutions, given in Table 10 , shows that the hydration number of Asp in PD solution is less than that in water and decrease with increasing concentration of PD which again indicates that the increase in solutecosolute interactions reduces the electrostriction effect of amino acids. It also suggests that PD has a dehydration effect on the Asp, i.e., water molecules are replaced by PD molecules with increasing concentration of PD in solution.
From compressibility data, the number of water molecules hydrated to the amino acid was calculated by using the method given by Millero et al., 
The values of n H estimated from Eq. (17) (Table 10) show similar behavior as discussed in volume data.
It is pertinent to mention here that when Asp is dissolved in water there is a strong interaction between ions of Asp and water molecules. The small water molecules are surrounded by the ions of Asp which result in electrostriction of water molecules. In other words. there is collapse of structure of water molecules. On addition of PD to this solution, there is strong interaction between ions of Asp and PD solvent which results in decrease in electrostriction effect. Thus, large number of water molecules of solute is associated with solvent molecules which increase the interactions among the ions. The electrostricted water becomes more like bulk water which has an open structure. Thus, Asp acts as structure maker in presence of PD solvent. A similar conclusion is evident from the compressibility as well as viscosity data.
Conclusion
Density, speed of sound and viscosity of Asp in aqueous and aqueous PD solvent (5%, 10%, 15% and 20% of PD in water) measured at different temperature have been reported in this study. From the experimental data, various parameters like apparent molar volume, limiting apparent molar volume, the corresponding slope, partial molar volume of transfer; apparent molar isentropic compressibility, limiting apparent molar isentropic compressibility, its slope, partial molar compressibility of transfer; relative viscosity , viscosity B-coefficients, temperature derivative of B-coefficients, viscosity B-coefficients of transfer, and hydration number have been calculated. The result indicates the existence of strong solute-solvent interactions i.e. ionic-hydrophilic and hydrophilic-hydrophilic interactions. The extent of interactions increases with an increase in the molar mass of Asp and an increase in the concentration of PD solution. The negative value of temperature derivative of B-coefficients (dB/dT) indicate that this amino acid, i.e., Asp act as structure-maker in aqueous-PD solvent. The hydration numbers n H of the amino acids under investigation decrease with temperature as well as with increasing concentration of PD and this shows that both of these factors cause a dehydration effect on the amino acids. 
